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SUMMARY

An experimental test program was undertaken in support

of a study by Dr. Joseph V. Foa of The George Washington
University. The study concerns the feasibility of
utilizing a nonsteady energy separation device to provide
conditioned air for aircraft ervironmental control systems.
The results of a thaoretical analysis by Dr. Foa indicate
that such a device with sufficient cooling capacity for
modern military jet aircraft would be much smaller and
lighter than the conventional heat exchanger and refriger-
ation turbine. 1In crder to verify this theory, a model '
was fabricated and a test program initicted to optimize

its configuration. Although the program has not been
completed, significant improvements in performance have
been achieved by prerotating the inlet air flow and by
increasing the portion of the inlet air which is cooled.
The device, as presently configured, will provide 10.3

tons of refrigeration per cubic foot of device volume when
operating with a 30 psig inlet pressure:; which compares
favorably with tle capacity to volume ratio of current jet
-aircraft. » -

Pue to the wide operating pressure range. in aircraft

- environmental control systems, a concurrent series of -

tests was also conducted to determine the effect of.

- various back pressures on the parformance of the devxce.
‘The results of these tests reveal that the effact of back
loading is significant; howcvrer, it is anticipated that

. with a proper control system and an improved rotor desxgn.-
the performance reguirements dlctated by partmeular

.ahhllcatxons ‘can be mat. :

It is felt that although “the current study has varifiod axper- ”  ""
imentally that certain design modifxcatioas are. efflcaclous. L

further improvement. in the performance of existing models A
‘is poscible.. Specifically, by increasing rotor exit area,
improvzng nozzle desigii, and utilizing precision machining
tGChllunS, a two- to. three- fold increase in refrzgeration;
capacity for the same size device should be possible.
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INTRODUCTION

In military aircraft environmental control systems, cooling
air is drawn from two locations -- from the atmosphere as ram air,

and from the engine compressor as bleed air. Ram air is used

dircctly to cool unpressurized areas housing electronics and

armaments, but pressurized areas such as the cabin must be

supplied by higher pressure bleed air. Because it is hot (up to

% 900°F) as it leaves the engine, bleed air must first be cooled by
S ]4_passing it through a heat exchanger and a refrigeration turbine..
% In order to provide an adequate héat sink, many airéraft use .
% heat exchangers weigﬁing hundred$ of pounds and'takihq up many |

< cubic feet of space. Furthermore, at high flight Mach numbers,
'Eg . the stagnation.temperatufe of.ramAair becomes so-high thaé éven
iﬁ,_ these 1argerheat exchanqers afe'ihadeqﬁate. Problems have also
gg  }arisen with the expansion turblnes used for xafrxgeratxon.r In';"“
4 1' late model aireraft, these devices have rota&ional opEGdS of

,570 000 to 80 000 rpm, and as a result. have a very low Mean Tlme .

g

"Bet raen Failure (e.a., 500 hours in tha latcst attack bouber)
AfThe coollng needs of both buhSOnlc and supersanlc alrcraft must,.i
’Lhereiore. "ely on- fraglle and 1uc.easingly larg&r equzpment.~

An alternat;va to the current equipmcnt is Lhe Foa Energy

” beparator (FLS)1 2

ihis aevice cssentxally provxces its own .
' heat ‘sink by separating 1nput air'into two streams:-xemoving
:fenergy in the foxm of heat from ong st»eam and audlng 1t to the
other.’ Thus,  both hot and cold ‘output flows amarg , and heaause':
'ftho proc¢ss is isentropic, high efficienties are possible. ' The
ﬂ}prih&ipal advéhtages;offthe.FEs over curroent éystenm include a
':significant reduction in weight énd volumarthraugh,the-Qliminatinn
':of'hagthxchangets; and an increased Mean Time Between Failure by .
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the replacement of the expansion turbines.

To investigate these advantages, the Naval Air Systems

Command has contracted with The George Washington University to:

1. theoretically analyze the various FES configurations;

2. predict size and weight reductions possible for a
specific aircraft;

3. predict heat sink substitute capacity; and
4.~}eva1uate the actual perforrmance of model energy
~ separators, including a variable geometry device
fabrivated specifically for this purpose,
‘ This report'detaiIS'the-work performed byﬂCblumbia Research
~ Corpo“atxon (CRC) {(in accordance with 1tem 4 above) under a sub—
Vcontract to The Gearge Washlngton Unlvers1ty Tests were con-

ducted on a single rotor enexgy separator with fiwed geometry

1fianﬁ center b@Lthﬂa. . The latter dovice is referred to.as the -
'”varlable geomﬁtry model"., rest xesulto are presentea in graghxc
fcrm ané avaluated to revaal prcfarzod FES. gecwehry Yab:;cat;om,.rf

- an& tast procedures are also cutl;nad.f,i

:and a’ double 1otor anergy separatex with 1nturchangeable collectorh o




ENERGY SEPARATOR OPERATION

The principles of operatinn of the energy separator can be

explained with reference to Figure 13 Consider a jét issuing from
a nozzle inclined at an angle f? to the horizontal. The jet |
impinges on a wall and splits into two streams designated in the
figure as 'h' and 'c‘. Due ‘o the'inclination of the jet, the
streams do not lelde equally, but the majorxty oZ the flow is

~ diverted to the 'c' side, This is a stead: flow condition: and
jassuming;negllglble vlscous IOSéés.'tha temparatures 6f the two
. Streams are eqgual to the temperature of the main jet. . If the Jet

and wall are suddenly set ‘n motion at a velocity, V, in the

- dire g@ction shown in Pigure L, then this velncxﬁy must be adueu

‘ 'vactorlally to the stream flow velocities, U and Uy e wich the

- xesult that the velocity of stream ‘h' is 1ncreasad and. the valo~4

: 'cxty of straam tet is decraaaed

ln effeu&._what has ocuurrea in. this prcccsa iz a transfer of
vanﬂrgy in the fﬁxm i flaw valecxtv frﬁm straan ’0 to 3txeam h'
without any gatarnal work bgzng done. I{ the’ bt?&ﬂMu are. brouqht
:1t0 rest in Senaratu ehasb@“s, their ki nat;u energlas. &ua to Lha flow
{fvea@altxes, wxll be canva:tz* to intexnal Qnerqy., The rise in
.the *h' Stream. intevnal encrgy is greater than the rise in the
f:f*ﬁ1¢am ;nteznal energy since tho ‘b’ £low vclouxty is gzeat thau
the ‘e’ *luw velcci%y' Tcmneratu&u is related d;recily to the
ff_xnternal onergy of the gas, and therefora, eaah,chamb@r will ba.at
aAaafserenL.tempcraﬁuxe, In yaiﬁiculér, the ehamhér-temyeratuze'
6d'ehﬂ ‘o' side will ke '1o&er'than the inlét tamporature, and.ﬁhg |
»Lemparature on the 'H* side will be higher. The magnitude of the |
'rftcmparaturu changes ig .a functxon ot the mass flow rates of the
'lstraams, thh the 'h' stream anpcrature xxse ‘being greatey than the
N c' 9trcam temperaturq drop due to the lower flow on tho 'h' side.
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The physical phenomenon which causes energy separation
occurs at the stagnation streamsurface between the two flows,
designated ‘'s' in Figure 1. The pressure forces acting at
this interface are in motion when the system is in motion, and
therefore positive work is being done by the ‘¢’ stream and
negative work is being done by the 'h' stream. Thus, energy is

transferred from '¢' to 'h'.

Several enexrgy separator configurations have been developed.
These ave classified as either external or internal separation
devices, depending upon where the stream separates relative to
the jet driver. 1In external separation, as depicted in Figure 2
(from Ref. 1), the radially flowing jet is separated into: high-and

low temperature streams external to a driving rotor. This is

similar to the arrangement shown in Figure 1, except that the
motion is rotational rather than translational. 1In internal
separation, as shown in Figure 3 (from Ref. 1), the streams

are separated within a rotor by means of opposing sets of nozzles
located in different axial rotor planes. One set of nozzles

has larger throat areas and, consequently, the rotor rotates
opposite to the direction of these issuina jets, thereby pro-

ducing the motion required for energy separatiomn.

Each flow separation configuration offers certain advantages
“;n and aisadvantages. ‘The external enexrgy separator, for example,
is the ecasiest to fabricate; however, the collection losses and
sensitivity to back pressure variations may reduce the efficiency of
tie device. On the other hand, the internal energy separator is
lers sensitive to back pressure variations, and cdllection losses
_oan be reduced py proper design cf the outlet chambers; however,

~rotor ronstruction is more difficult due o the requirement for
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precisely shaped nozzles to reduce the eutrance losses.

Any determination of which configuration is best for aircraft
applications must be prefaced by a detailed study of each. The
present study is concerned only with the internal en2rgy separator
primarily because of the availability of two rotors, and is not

an indication of any a priori preference for this configuratieon.
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SINGLE ROTOR INTERNAL ENERGY SEPARATOR

Iatroduction

Preliminary to the fabrication of a variable geometry internal
aiergy separator, a fixed geometry model was tested to assess the
importance of various design factors and, in general, to gain a
working knowledge of the energy separator concept. The device
used for this study was originally designed and fabricated at

Rensselaer Polytechnic¢ Institute (RPI) for a previous test
4
program.

The RPI model has a single rotor which is supported by a

cantilevered shaft. Air is supplied to the rotor along the axis

of rotation on t*2 side opposite the shaft. The air issues from

a pipe and expands into the rotor cavity. The rotor is composed

of the cavity and two sets of nozzles, each directed so as to
produce rocation of the re tor in opposite directions. There are
two nozzles in each set. Cne set has throat areas larger then the
other, and consequentiy tre ijets issuing from these nozzles have

a larger engular momentum, It is this set that determines the
rotational direction. The noznle sets are separated axially zlong
the rotor and the fiows issuing fror them are prevented from mixianyg
by the collector housing. For the reasons described previously

in the section on snergy senarator operation, the temperatures

of the air discharyed frcm each sct of nozzles axedififerent; in
particular, the driving nozzle set discharge air temperature ie
lower than the inlet temperature anu the driven nozzle set discharge

alr temperature is higher tran the inlet temperature,

'Uﬁfortuhately, the RPI model was d-~livered to Columbia Research

Corporation (CRC) in damaged condition, necessitating repairs to




the collector housing, base plate, and rotor. The collector
housing was completely destroyed, requiring the fabrication of a
new housing. This was particularly difficult because there were
no detail drawings of the device, and dimensions had to be deter-
mined directly from the damaged piece. The base plate was bent
slightly, which prevented the alignment of the rotor and the
collector housing; therefore, a new plate had to be fabricated
before proper alignment was achieved. Finally, the rotor had to
be cylindrically ground to remcve scored areas on the periphery.
The repaired model is shown in Figure 4 (see Ref. 4 for comparison

with original RPI model).

Even after the model was repaired, however, its perfdrmance:was
significantly less than in earlier tests at RPI with the original
model.l_The rotational spceds were considerably lower than anticipated,
due primarily to a defertive bearing which greatly increased
restraining torque on the rotor. It was, therefore, decided to
redesign the bearing housing and replace the bearihgs. The new
bearing housing attachec directly to the collector houéing.
eliminating the rotor~collector élignment problems and allowing
the convenient insertion and removal of the rotox. With the new
‘bearing arrangement, rotational speeds abcve 50,000 revolutions
per minute were obtained. At these high speeds, howevexr, a

slxght asymmetry in the rotor caused large amplitude vibratmons.

necessitating dynamic balancing of the rotor. Thesa modifications

signlflcantly inproved the parformance of the model.

Model Cohstruction.

An assembly drawxng of Lhe energy separator is shown ia
,I"igure 5, A The base 1s fabrlcated £rom l-inch  thick steei.
plate milled flat to allow the proper alignment of the inlet plpe
and the rotor- cavity.; The inlet pipe is standaxd 3/4~1ngh dlameter
galvanlzed steel wlth two instrumentat;on taps; one for an lnlat
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FIGURE 4: SINGLE ROTOR INTERNAL ENERGY SEPARATOR
IN ORIGINAL CONFIGURATION AFTER REPAIRS,
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static pressure probz and the other for an inlet temperature thermo-
couple. The pipe is modifi ed somewhat by the insertion of a

slight constriction at the exit plane which reduces the flow loss

as the air jet expands in the free space between the pipe and the

rotor cavity inlet. This design feature, a part of the origi- |

nal RPI model, haé been found to be very effective_and.in fact, at
certain inlet pressures, the air jet actually aspxrates anbient air
into the rotor cavity. - However, to reduce flow losses at all inlet

pressures, the clearance between the pipe and the rotor is kept

to 0.010 inches by aéiusting a clamp on the pipe support. To

- insure that the rotor is not scored by an accidental jarring of

the device during operation, the end of the plpe is coated Wlth a
taugh.epcxy coating pawder, manufactured by ArmstrengrPrOﬁucts
Company, which acts as a buffer to prevent direct contact of the

tal par%

The uo1lector houalng is. fabric atad xn tnxee sectlons. “Yhe

“two outar p;ecea.arermaue of aluminua and yantaln the annular flow
‘colloction spaces; tha'miﬁaxa.nxece, ma&e of nylen reznsorced
',phﬁnolic;- rav&nts tha miwiug of - ihe aiyr 1asu1ng from the two seﬁs

- of 10tsz nozzles, In addition to acting as & phys;cm& barrier

betwﬁen Lkﬂ xlbws. the phénolic center aéction ig alao a fhermal

"insulat x, provanting the transfer of heat from the hot side
“golla etor to the cold side golleato The collector has thermcé o
' _coup1e taps near each exit to allow mcasurament of rotor'no le ’

exit t&mperatures.

:'The’roﬁor fits into the colluctor housing so that the

noszles afe aligned within their appropriate collectors with a

clearxance botween the rotor outsido diameter and the housing

internsl dismeter of 0.010 inches. A sandwich coastruction is

"used for the rotoy with the nozzles consisting of aluminum plates




bounded by three stainless steel plates. .The front plate
contains the rotor cavity inlet port; the middle plate, a large
annular cut-out forming the rotor cavity; and the en& plate, a
slightly undersized shafting hole. The shaft was secured to the
end plate by heating the area around the undersizad shafting hole
until itexpanded»sufficiently to allow the insertion of the shaft.
Aftervcooling.'the shaft and plate were permanaently bonded
tegether. The entire rotor was asserbled wifh alignment screws
'and 'trued"betweeh centers on a cylindrical grinder. The rotor
was then dynamically'balancedrto within the aécuracy-dictated by

the bearing talerances.~

“Yhe bearlng hcu31ng is PQnOtIUC»Qd ent1 ely of qﬁaiﬁlees
'utael snd at.aches dirently to the calieﬁtor hcusing by means of
- fiva 19158. Twa identical shlelded de@p groove’ fadldl ball hear—'
Vf;rgs with rutad ctatxona; epeads of 48,000 ypm arxe xneluded wgthxn:
"}tha.assambly.- 1&&; csaial p&ay-ob thaeso b@u:;nﬁs Q.aooz-ﬁo O.ﬁOQ@ A
“inches, is the iimi%ing’faciar in rotor balanee méﬂﬁ&Dﬂeﬁ prnvmausly
lTa facilztatc xewaval of the rotor from ;he hau G, Lﬂ haarxng
poxe is ‘sized to ailcw a2 0.0001- to C. GQ03~xach cleararca fx*'
.1hethe@n *hu‘bn&v;ng aad ‘the rotar ha*t

previ@ualy described. wcdzfxcatxcns to thzs model allowed
'_its,testing to rotational spoeds iimited only by . the 1atgﬁ bearing
"épé@ﬁ.'j Operation above the 48,000 rpm is possible; only, hOwever.
with & sigﬁiﬁicaﬁt saé;i;xce in baaranu cperatng liie. TFe ifxed;'

éevxcg i a\uwn in Figure 6

”asﬁ_?rsqram

?ustlng of the axngle rotor internal eneyyy separa&ar way cona‘

ducted prd marxly for the purpcse of evaxuaﬁ1ag the various design modi-
fications, since its construccion did not allow for the investigation

ulﬁ_n-
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SINGLE ROTOR INTERNAL BNERGY

SEPARATOR AS MODIFIED BY

FIGURE &6

COLUMBIA RESEARCH CORPORATION.




& !,,';J!-F

s

2 B %55 8

.

o I

o}
FANWIRR

£o
Al

o e

of the effects of changes in device geometry and back loadiag. As
changes were made, the device was tested to determine the corres-
ponding improVemant in performance. Primary consideration in thisg
regard was given to the increace in rotational sreed of the rotor
at a given inlet pressure, since it was known from theory that the
highqr the peripheral velocity of the rotor, the greater the

energy separation. The impfovement in performance was particularly

significant after installation of the new beariny housing, when

" the rotational speed at 45 psig inlet pressure increased from

23,400 rpm with the old housing to 48,420 rpm with the néw. and

_ the output temperature difference increased from 88°F to 1339?.

Results of a test on the device in its final configuration

have been tabulated in TableAl} “All temperatures were me’ sured

'fwith iron-constantan thermocouples and displayed on a Model 1602

Cemack‘Thermometer; Therﬁhermocoupléé were mounted at the inlet
and eutlets of the device ay noted on the assenbly drawing (Flgule

S) . ﬁ%e rotatzenal speeds ‘wer ‘e measured with a Model 510~AL

'Sﬁlcht btroboscoae and were an avevage of several readings, since -
'lthe conﬂensatxon of moxstu:e within the atv1ca could cause apﬁﬁﬂ

:'fluctuatxons of & SQO xpm,-

" In general, it can be said that the-radesigned device performed

;wall meahaniéaily althaugh the energy supaxatlan obtained was lesar
_ﬁhén in’earlior tasts at RPI with the orxglnal model. Further

"1mprovenents to the dav;ce, such as- 560r6dalhg cloaxance betwaon

the rotor amd the. collector housing to reduce mixing between the

- outlet flows, xncreaaang thL shaft dxametev to prevent slﬁppaga, and
'1mprov1ng nozzle entrance geomeixy would have undoub edly 1n¢reasad

the dovice efficiencdy. These deficiencies were not corrected,

huwevqr; since kuowledge of these defects could be applisd to the
design of the vaviable geomatry model.
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_ : B Temp-
Rotor Temperature (C) brature]
Speed ’ 4 Diff-
(RPM) prence

' %8}

Sadupinss

gy

Inlet | Cold | Hot

7

Y

51,070 | 18 | 2.5 |40 | es
38,150 | 18 -2 |48 | 02
46,558 | 20 -6 |.se | 117
48,420 | 21 | -9 jes | 133

L2

TABLE I. TESI RESULTS ¥OR THE SINGLE ROTOR
INTERNAL ENERGY SETARATOR.
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VARIABLE GEOMETRY ENERGY SEPARATOR

o D

Using preliminary data from single rotor energy separator

tests, the design of a variable geometry FES was undertaken. The

L

device was constructed so as to permit changes in three para-

meters; back pressure, area ratio, and prerotation. Back pressure,

o)

defined as the pressure seen at the output face of the rotor, can
be expected to vary in operational devices due to fluctuating
demands for heated or refrigerated air downstream. During testing,

hewever, the back pressures in both exit chambers were kept equal.

o O

Unlike back pressure, area ratio and prezotation should not change

during operation, but are design variables whose effects must be

§A

understood to maximize energy separator performance. In internal

separation devices, area ratio determines the percentage of flow

te each side and ultimately the overall performance of the device.

Prerotation is defined as an angular velocity in the direction of
rotor movement imparted to the incoming air. Its proper use will

enhance performance of an enerygy separator in any copfiguration. -

An examination of #he individual and collective effects on internal

 energy separatox performance of these three variables is the

b i

object of this portion of the study.

mlv.

Modal Construstion

Rathar than design a coppletely new internal energy separator,’

it was decided to incorporate festures into an existing model which
would allow the intercuange of several components. A dual rotor device,
éeaignatad*ﬂoa@l 111, was iade available by the principle investigator,
and the initial effort was centered around modifying it for

use in the program. In its original state, Mndel XIX usecd two rotors

wounted about 2k incheu apart on a short shaft {Fig. 7). One rotor
contained four cold flow nozzles with a combined area of .336

gquare inches. The other contained four hot flow nozzles with a

- 23 -
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combined area of .194 staﬁe'inch&s, The rotors. supported on ball
bearings mounted between thewm, turnéd within a cylindrical housing.

A thick pedestal connected.the ~ater tasiﬁg and the bearing hous-

ing. In this manner, a sm21ll clearance could be maintained

between the rotors and their casing. Comrpressed air introduced

hetwa2en the rotors passed throuch the nozzles and was vented

axially. Because the outlet flow was unobstructed, there was a
substantial noise reduction over the single rotor model, but the central
bearing support seriously disturbed the incoming air and detracted

from performance of the model.

In order to pruvide a smooth entrance flow, it was sﬁggesteé
that the supporting piliar b~ replaced with a spiral fence (Fig. 8).
As entefing air strnck the bearing housing, it would split into
two flows. The spiral fence world then keep the flows sep..zted

and cause them o© acquire an angular veloc.ty (prerotation) as

'they turned about the bezring housing and entered the rotors.

varping the pivcel: and divection nf the fence would permit variations
:n the degree and sense of the prerotation. Tt was pecessary,
however, to design a fence xrigid enough to replace the supporting

pillax.

Due to the close rotor clearances required €or optimum per-
formance, only minute deflections of the rotors «ould be allowed;
A stress analysiz performed for the existing Model If* has shown
that the attachment to the outer casing must e, exceedingly wicid.
This would vequire considerable precision machining and alignment.
Anticipated problems in producing such a support led tc'further

modification of the design., = N
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It was noted that moving the bearings from the center to the

‘ends of the shaft would eliminate all structurazl loads on the

spiral sections. Simpler production and attachment methods were
then devised, vermitting use of several Jifferent prerotations

in the test program at reasonable cost. End bearings, however,
would interfere with the exit flow unless collectors were added

to turn the air as it left the rotors and vent it radially.

The collectors were designed in three layers, as shown in.
Figure 9. The outer parts {one on each end) formed the backs of
the collectors and contained the bearings° The middle sections
containéd collection channels of increasing radii, terminating
in vents. The innarAsectionsiformed the fronts of the collectors,
and wﬁen waelded to the cylindrical outer casing, served to locate
the other two. Using this construction, the outef sectiong, with
their closely machined bearing mounts, could be left unchanged, |
while different middle sections could be installed to alter back

pressure or other collection effects.

These changes in the Mddel III design, necessary to produce
a variable geometry energy separator, required reconstruction of
the device except for the rotor. Relocation of the bearings necessi-
tated construction of a new shaft and outer caéing. The hot side
rotor was pressed onto the shaft, but the cold side was keyed and .
held on with a cap and screw to permit its removal and facilitate
changes in prerotation geoometry. After early teating, it was also
necessary tc install a cap and screw tc secure the hot: side rotor,
which tended to slip at high rotational speeds. Before installation,
the rotor~shaft assenbly was dynamically balanced. The new

outer casi: : was made to allow for the reduced distance between

- 27 =
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rotors, to accept an aircraft type V-band inlet fitting, and to
permit attachment of the end plate collectors. The final con-

figuration is shown in Figure 10.

Middle section collector plates with four different geometries
were constructed for each side. The effects, however, were not
found to be sufficiently repeatable for use in the test progrém.

A single collector geometry for each side was therefore selected,
providing 2.50 square inches of vent area to the cold side, and
.375 squere inches of vent area to the hot side. Ducting was mated
to the collector vents and valves installed to restrict the outlet

low as required to change the back pressures. This arrangement
provided fully repeatable data points without requiring disassembly
of the device, ‘ ‘

v In order to determine the effect of different nozéle area
ratios, it wés proposed that the hot side nozzles be partialiy
,biockad. Reducing the area of all four nozzles would ha?e'reduqedf
the‘nozzie efficieuéies and necessitated r@balancing-of the rotors.
It wae Aecided, however, to use only two area ratxos, ona with all.
 four hot nozzles open, and une with two nozzles totallv blocked »
and two open. This was accomplished.by filllngrtwognozzles 180
.apaft with equal amounts of-epoxy.' The result,was é'n@wiareé'

i ratio without any major effect on the rotor balance.

Test 9rogran

‘ The two area ratlo configurations were useﬁ in the test
A“'program in each of three prerotation modes. One provided no
-prerctatlon: anuthex provided positive (i.e., in Lhe dlxaction
of rotor movement) prerotation to the cold gide and negative -
(i Qu opposxte to rotor' movemant) pxero»atxcn to the hot side;
anﬂ the thimd provided negatmve prerotation to the cold 51da dnd

- 29 .
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positive to the hot. Each cf these six u vonfiguratio. s was tested

at a series of inlet pressures (2. 5, 10, 20, 30, and 40 paig)
and with the back pressure varied between 0% and 50% of the inlet

pressure. The back pressures at the hot aﬁd-cold exits were

'~ wvaried simultaneously. Between 12 and 16 pressure combinations

were investigated for each configuration, with two or three sets
of measurements at each point. ZTherméasurements taken inclu&ed‘

pressures, tamgaraturas. rotoy speed ana flow rates. Pregsure

readings included both inlet and outlet (i.e., back pressure) on
~each sxde, and were taken with Bourdon tube gauges. Temperatures

wvere measured with arenmconstantan thexwocouples and read on a
Comark Thermemeter and on Omaga milllvolt meters.'vFive locaticnsﬁf'
wera monixcxed, incluﬁzng inlet,and two pa;nts each cn the hot :

-'andrcald s;des..?lcw~vate3~w&re meaduredfat the inlet hy.m@ans;v
‘gax an ﬁnﬂubar 700 saries flow meter' . Tables of data ﬁakén:aré:: -
‘f'presented as Apyendia X L | ’ B

'~*:Rasults

Burlng thﬁ»couvse ei the tnsn mxngram, nha ai*hets af haa&

'nxeaﬂure, prezotatlmn. and area ratxa were »k&mzﬂeﬁ in every _
_ i §as51ble Combxsanxan. In rn 1nsﬁa:ca Wis o 1nte reiatud e*febt ;;fﬂ
: -i§ated,. Examining Lhe éhrue xndiv;dua11y¢ hack yressuxe (aqual o

'iéof both. oanlans) aﬁ be sa*d tc hwva no ef ¢¢¢* 0n'»1tb@r xona» ,
jjtianal spuﬁd or Lempe;atu;e diffexnntmaie-nravxue& that tha lﬁlttj- 7
*fpressuré is modified to pravx&a a eanstant presbuze ratxo.. Both

arsa ratxo and nraroeatxen, hswev@r, have sign;z;caﬁt afrea&s an

:thesa parameaerk.__

By reduc;ng the ‘area ratlo. the percentage of xnlet aiy

- expolled r*cm the cold aoz zles (uold £raction) is incr&asad. AS

a renult, msre powerx is avaxlabln £0 spin the rotor, result;ng xn
high rotar vslocities and gra&ter tempcratu:a dlfiﬁ:éﬁtin’ﬁ.' ‘

-
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Also, hecause the energy renioved frem cold side mu&t,be absorbed

by 2 smaller mass hot air, the hot side temperature in=-.

creases dramatlcally. Thls effect may be noted by comparlng the

-graphs in Figure 11 with those in Flgure 12, ”he araa ratio 57?

results in a ncmlnal cold fraction of .63, Reduc1ng the area

;atio_to .289 increased the nominal cold fraction to .77, resulting

‘in nearly doubled rotor speéd and fempérature>diﬁfet&ntial. At a

given rotor speed, . hOWévereTtha-tutal temperature differEntial-is e

-about the same (Pigure 13}, being slightly grester on the hot siﬁa
v aﬁd sx;ghtly less on the ~old “side for the amaller ares ratio.;*

fﬁe penalty ;ala ﬁar greate* &nerg; txansfer. therefore, is an

 &1“¢¥§&»@ in votox speed anﬂ correspongiﬁg structural di‘facultles.

Unlzke madixying area ratiﬂ, pxnv1&ing propur prerntatian can -

4';nerease tempe:aﬁuxe aaftareatxals xithcut 1ﬁcvaaa1rg rotatienai ,
" npeed, Compax 1g Fagnras il and 223 wzth 11b ané 12b, r&spectvvaly,{:
’iahow& that, at a givan.gres»ure ratia, pos xz;ve p&egutstzon ua \hﬁ
cold sido ana ne&atzvs pxeratat;mn o *hc not SldQVAREXGBSﬂ enﬁrgy

kransfex szan;fzuantly L -gure. ila and 12¢ ﬁhaw that rcvaxsxug tha:“

'p;armta x&n pxo@uae& a lesaer ener§y transzef Yhe xnexesseﬁ temp~
'ﬁratura diffaxentxa’ wztn p@s;t1v§ yrerﬁtatlan ceours ﬁespame a

-rﬂﬁuayian in zetar Lpead. as éhown in Fzgure 14, Graham3 suggoets

- that pr ereﬁat;on may Salghﬁly alter the eeld fractmnn ana._?hus;_

éhe-pewbr gvaxlable to the : Qtar ?extunatuly. the actual ahaﬁga
in temperature differe 1&1 causad by prerctation is qu;t& loxge
at a given rotational speed (see Pigure 15), and apparently over-

shadcws Lhe reduatxan in rotor spaad at 3 given B -essure rati@,'
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Conparison with Theory

™o effect of prerotation was suggested by a theoretical -

investigation of the energy separation phenomenon. In general,

theoretical predictions of energy separator performance have been

made by establishing a baseline of performance, neglecting bearing

friction, prerotaztion, etc. The effects of these factors were

then shown as a modifications of basline performance, Such relation-
ships are graphed in the Foa studys. “Specifically for Model III,
graphs of theoretical bas&liné performance ware available fram
previous work} showing the actual temperature differential and

rotor speed expected for a given inlet/outlet pressure racio.

In Figure 16, the theoretical temperature increase and
decrease are shown versus pressure ratio for the no-prerotation,
0.577 area ratio configuréti:agr A number of experimental data
points are also plotted. It will be noted that the cold side

temperature drop is very close to ideal performance, while the

hot side inercase is far from that expected. Graham explains

this phenomenon as- the effect of a resisting torgue such as bear-

H
3
w~

ing friction. Energy which would normally have been transferred

g0 the het cutput is instead used to overcome .the resisting foraes.

Rough calculations, howevar, show that this torque must exceed one

Dol

foet-pound to result in the efficiency loss shown on the graph.

'-ﬁanuf&atufe:‘s specifications suggest that hearing friction will

o

- produce torques less than one-tenth that amount. Furthermore,
torgues of that magnitude wouid bring the rotor fram 25,000 RPX to
rest'in_a fow seconds, a process which in actuality may

take séveral minutes.  Thus, factors other than rotor torgue

must also affect the porformance of the device. Thesa
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may include leakage, heat loss to the collectors, axd changes

in nozzle efficiencies. At higher rotor speseds aspeciaily;'tha'
nozgle discharge coefficients may have a significant effect on
the cold fraction normally determined in internal separation
devices by the hot/cold nozzle arsa ratio.

It is interesting to note (Fig. 17} that for most data points,
the rotor speed achieved was egual to the theoretical performance(s
?urthermore,'there iz no consistent indication of a back loading
effect on rotational:speed or on energy separation at a given
pressure ratio when the back pressures at bdth outlet vents are -
the same. Prerotation, however, does affect rotor speed at a

given area and pressure ratio.

Positive prerctation to the cold side definitely enhances
performance, despite a reduction in rotor speed., 'The reduction ‘
in gpeed is, however, desirable in itself if no loss of performance
results. Unlike these dramatic effects, back pressure results.
in no change to either rotationél speed or energy transfer at a
given pressure ratio. For a giveh inlet pressure, however, -

pressure ratio and, therefore, performance are reduced as back

pressure incresses. The performance at the two area ratios in -

comparison to theory is shown in Figure 18.

e 4’0 -
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CONCLUSIONS

This report has discussed an extensive series of tests

conducted to investigate the internal version of the Foa Energy

Separator. From the results that were cbtained, a number of

conclusions may be drawn.

1.

The ability of an internal separator to operate as an
air conditioning device is accurately predicted hy Foa's
and Graham's theoretical analyses over the range of
pressure and area ratios tested. In particular, .a
decrease in area ratio from 0.577 to 0.289 results in.
increased cold side temperatur= drcp and rotor velocity
at all pressuye ratios tested.

Operation as a heating device is markedly affected by
the operating characteristics of the model such as
bearing friction, nozzle geometry, and collector con-
struction. The greatest .digparity between theoretical
and actual performance is shown in hot side operation;
however, in this area lie the greatest possibilities for
Amproved operation‘of internal separation devices,

Energy eeparator performance can be considerably enhanced'

through the proper use of prerotation. In particular,
inducing an angular velccity in the direction of the

" cold side rotation can increase energy separation at

any of the pressure or area ratios tested.-

The effect of-raising the pxessure’at.beth‘outlats

(i.e., back loading the device) is to reduce enorgy
separation at a given inlet pressure. Energy saparation -
at a given pressure ratla 15 the same, however at any
outlet pressure., : :
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AECOMMENDATIONS

The present work is a significaht first step toward the

development cf alternate means of providing conditioned air for

various aircraft applications. Tests have shown that the energy

separator concept is feasible at the flow rates required in

modern military jets, with cooling capacities limited only by

the material properties of the rotor under high speed operation.

It is therefore recommended that the energy separator development

be continued in a phased program to include:

1.

A continuation of the variable geometry internal energy
geparator test program to evaluate the effects of other
prerotation configurations, cecllectoxr designs, nozzle
efficxencles, and unequal back pressures;

fhe design and fabrication of external energy separator

models for use in a parametric test program similar to
the internal energy'separato: prcgram; ' : '

,hn external energy separator test program. Once emmpleteﬁ

the results of this program would be .-mpared to the

results of the internal energy sep-tator test program to

determine which device offers the most prom;se for futuwre .
lmplem@ntaklon. This evaluatxen would consider not

‘only performance, but device uonstruatxcn and compatxhillty

with particular applicatieas; o

‘The design, fahrication, and testing of an energy separator
~ for a .particular application such.as aircraft environmental
control or cooling of an onboard oxygen goneration system.
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REDUCED DATA FROM VARIABLE

GEOMBIRY ENERGY SEPAKATOR TESTS
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LEGEND OF SYMBCLES FOR APPRNDIX I

Revolutions of energy separator rotor per minute.

Hot side output temperature rise above inlet
temperature.

Cold side output temperature drop below inlet - S ‘5
temperature. : ‘ i

Inlet temperature.

Velocity of ‘nozzle dischargs flows,assuming an-
isentropic expansion from inlet to collector a o
chamber conditions. _ - P

Velocity of rotor at the periphery. -
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in order to provi&é*a facility'ﬁo test the energy separator - -

developed under this program, Columbia Research Corporation {(CRC)

‘has installed sources of koth hot and awbient temperature pressurized
‘air {Fig¢. 1%). In addition, systems for the'delivery, regulation,

and measurement of the air have also been set up. NAVAIR supplied
the two primary air sources; a 500 psig compressor and storags |
tank assembly (Fig. 20):; and a small gas turbine €Fig.'31); Since
both of thase devices were criginally'built to provide air for
starting jet aircraft engines, they have been modified for use as
lakorato:y quipment.

LAir Comgressor sttem

The compressor and gtorage tank unit assembled by Wells
Industries prbvides'aix at near ambient temperature and up to
500 psig through a 2-inch line to a manifold which currently has
three outlets, two of which are regulated. Representative flow
rates through the regulators are given in Table 8. The third '
outlet is at tank pressure and its flow is limited only by the

size oi the delivery line.

The compressor is a Chicago Preumatic Model No. PB-43 which
handles 8.8 1b/min of air in three stages. Air-to-air radiator
cooling is provided after each stage, and the cylinders (four),
all on a comnmon crankshaft, are air cooled. (Complete specifica-
tions are given in Table 9). It is driven by a 50hp electric
motor (44Q0V, 3-phase, 60-cycle) via a belt system designed to
pexnit optimum speeds for both the compressor and motoxr. Three
cylindrical storage tanks with a combined capacity of 335 cubic
feet (820 lbs. of air at 500 psig) are fed through a 2-inch
diameter line. An automatic control activates the system when the
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500 PSIG COMPRESSOR e«

FIGURE 20

-

3

GAS TURBINE .

-

FIGURE 21
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IN STANDARD CUBIC FEET OF AIR PER MINUTE.

Output Pressure Recejver i?ressufé PSIG
A | mere 500 400 300 200 100
50 916 575 338 200 95
g 75 1000 588 412 238 112
] 100 675 488 338 212 X
125 738 700 _ 388 238 X
% 150 781 575 400 225 X
200 700 550 412 X X
§§ 250° 775 588 375 X X
| 300 600 38 | x X X
i i 400 612 X X * X
" g 500 X X X X %
; fé%

TABIE .8b. FIOW RATES AVAIIABLE FROM REGULATOR P-l.
' IN STANDARD CUBIC FEET OF AIR PER MINUTE.

-] Output Pressure Receiver Pressure PSIG

B 3 N - -
SUDURS . 400 300 200 | 100

so 412 | 35 250 s | 88
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Diameter of Cylinder Eores

TABLE 9, COMPRESSOR SPECIPICATIONS'

Number of Stages
Humber of Compressor Cylinﬁers

Stroke, Inches .
Capacity - Compressor frankcase Oil - Gallons
Inlet Pressure, Ib. per ‘Sq. Inch Gauge .

Discharge .'?reaaare@ Ib. per 8q. Incfa

Pipe Size (lnlet; Inﬁhes)
Conpressox - (D smhargéa Incﬁws).

~ Compressor Speed,. r,p.m.. -
‘C:mrassm Dispiacwant, cef,:s:.
~ Conpressor Delivexy, D f.r.%

Pﬂwm R@quire& at Belt Wﬁeel, a.i: 500 E’SIG
appmimate. B.F. :

,_ “53@11: meel Pitch Diamemr, Inczhes -
m';«zr m*él &ize of Belt f;moves
;height of (‘:ngar%mor L

','Gvexall Dmensians (Lengi:h)

{wideth)
(Height)

- 9-

3
4

8 3/4 -~ 4 3/4 = 2 1/6 ~ 2 1/4 Inches
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3 e
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tank pressure falls below 450 psi, or a manual override can be

uséd*td control beth the on-off and compressor lcading functions.

Venting of the water-oil separator system is also automatic, but

Vcng has inatalled an additional manual cverride.

The laboratory conte ining the rggulator manifold
is equipped with a variety of}ﬁem@erature, pregsure, and flow
rate measuring equipment. These include a direct readiné therno-
couple thermometer, 1/2-inch and l-inch diamster primary flow

sensing elements, and a nunber of rotOmeters, gauges, and mano=

meters. Pips, tubing, and flexible Hoses vaxyihg in diameter
from 1/8“ to 2" are available to del&ver air to dev&ces bexng

-tested.

gas_Turbine

The Aireaearch Corpora&xon gas turbine. and related equlpmant
The turbine delivers up to -

155 lbs/win of air at 75 psig and 540%F from its final coupressor
stage to a manifold lccated aiong the cutar wall of the shed, |

"(Cemplete specifications are gﬁgen in Tabls 10.) o 1~ineh

' dismeter ducts return the air to the shea for experimental uée,

- and a third duct pxov;dﬁs air for use outslae the shed., The xxaw
rvate through each of the ducta is inﬁapendently controllable f

. a maximus of 70 1bs/min by b tterfly valves, The valves are

' posltioned aleutrxcally from a control panel (Pig. ZQQ‘Withih
‘the shed. The control panel also monitors turbine oneratinns

_zncluding RPM, 011 pressure, and electric current and voltage.

VAn instrumentation section (Fig. 23) has been constructed

to monitor air flowing through the supply ducts. It contains

insﬁrﬁments_to measure hot gas temperature, and static and stagnation =

v
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